We present a novel coding-based technique for remote monitoring of passive optical networks which exploits the wavelength-to-time mapping effect of broadband short pulses in a highly dispersive medium. In this scheme, each encoder consists in a single FBG written at the same central wavelength but each one having a unique spectral bandwidth. The ultra-compactness and low-cost of the encoders allow them to be potentially integrated inside the customers' terminal. We experimentally demonstrate the feasibility of the proposed method for the supervision of current and future high-density networks.
I. INTRODUCTION
P ASSIVE optical networks (PONs) have been massively deployed in recent years to support the growing bandwidth demand in the last mile. From the operators' perspective, it is essential to have a remote monitoring system to improve service reliability and to reduce operational costs by timely detecting and localizing potential faults (e.g. a fiber break) [1] . The use of conventional Optical Time-Domain Reflectometry (OTDR) suffers from severe limitations when applied to PONs that contain splitters since the acquired waveform results from the superposition of backscattered power from several branches [2] . In order to individually supervise each user within the PON, fiber Bragg gratings (FBGs) at different wavelengths can be placed at the end of each branch [3] . However, this is impractical as the number of users increases, since too many wavelength channels would be required.
To overcome this limitation, several monitoring schemes based on optical code division multiplexing (OCDM) have been reported [4] - [11] . In these proposals, a passive optical encoder composed by two or more FBGs is placed at the customers' side, which generates a unique signature sequence for each user from a single monitoring probe pulse. At the central office (CO), the sum of all codes is received and the Manuscript status of each branch is derived by performing a decoding operation over the detected signal. More recently, a monitoring scheme based on optical pulse width modulation (OPWM) was demonstrated [12] , [13] . In this case, the encoder is a fiber loop composed by a FBG, a power splitter and a patch cord, which modulates the temporal width of the monitoring pulse by properly designing the patch length. In all the previously mentioned proposals, the encoders are still relatively complex and bulky, as they require many optical components and patch cords up to several meters long, which penalizes the system's feasibility in terms of compactness and unit cost. In fact, the cost and complexity of the encoder devices should be kept as low as possible for the operator to reduce capital expenses.
In this letter, we propose a novel coding-based PON monitoring technique that employs the wavelength-to-time mapping effect of broadband short pulses in a highly dispersive medium. The most remarkable feature is that the encoders are single FBGs whose spectral bandwidth serves as a signature for each user within the PON. Thus, the encoders are ultra-compact and hence their complexity, size and cost, are greatly reduced with respect to previous proposals. Figure 1 depicts the basic scheme of a PON in which the operator's optical line terminal (OLT) is connected to N customer's optical network terminals (ONT) through a 1:N power splitter. The monitoring system, shown in the same figure, comprises two basic elements.
II. MONITORING PRINCIPLE
(1) The encoders, each of which being a single FBG having a unique spectral bandwidth B i , i = 1, …, N, and the same central wavelength within the U-band (1625-1675 nm), as recommended by the ITU-T L.66 Recommendation for monitoring purposes. (2) A Monitoring Module (MM) in the CO, which has a structure similar to that of an OTDR, in which the probe pulse is a short broadband pulse that firstly propagates through a highly chromatic dispersive medium previously to be transmitted to the PON. The linearly chirped monitoring pulse probes the encoders and the reflected pulses (i.e. codes) are detected and digitized, obtaining an OTDR-like waveform. As it will be demonstrated in the following, by measuring the temporal width of the reflected pulses T i , the corresponding spectral bandwidth of the encoders B i can be deduced, and thus, each user within the PON can be identified.
A. Mathematical Background
The round-trip propagation of the probe pulse to the i -th encoder, FBG i , is depicted in Fig. 2 . The short probe pulse first propagates through the highly dispersive medium which has an accumulated dispersion D m (in ps/nm). The resulting linearly chirped pulse probes the FBG i encoder, which is located at a distance d i from the CO, and the reflected pulse is detected back at the MM. Therefore, the overall accumulated chromatic dispersion is given by
where D is the dispersion coefficient of the PON fiber (in ps/nm.km). If the total dispersion is sufficiently high, such that the temporal Fraunhofer condition is accomplished, the spectral content of the pulse is linearly mapped into its temporal waveform with a wavelength-time scale determined by the dispersion, as λ = t / D i [14] , [15] . This effect is known in the literature as dispersive Fourier transformation or wavelength-to-time mapping. Consequently, if the spectrum of the input pulse is X (λ), the resulting temporal waveform would be
The FBG i encoder is described by the reflectivity transfer function R i (λ), and thus the detected pulse corresponding to the FBG i encoder can be expressed as
where it was reasonably assumed that the FBG encoder has negligible chirp compared to D i , and that the probe pulse spectrum is approximately flat within the encoder's bandwidth. According to Eq. (2), the detected pulse has a shape identical to that of the FBG i reflectivity spectrum, with a wavelengthtime scale given by the accumulated dispersion D i . Moreover, the pulse is acquired with a delay τ i , which is associated to Fig. 3 .
Received pulse width dependence with the FBG bandwidth. A dispersion of 3000 ps/nm is equivalent to that of ∼176 km of SSMF. the encoder's distance through the relation τ i = 2 d i /v g , with v g being the group velocity at the monitoring wavelength. Therefore, if the function R i (λ) has a spectral full-width at half maximum (FWHM) B i , then the detected pulse has an equivalent temporal FWHM T i given by
Thus, the OTDR-like waveform acquired by the MM is sent to a network recognition algorithm that measures the temporal FWHM of all the pulses and identifies each encoder through its bandwidth using Eq. (3), since the parameters D m and D are previously known, and d i is derived from the round-trip propagation delay τ i . Figure 3 shows the relation between the detected pulse width and the encoder's bandwidth considering different system parameters. We contemplate a dispersive medium in the MM having a dispersion parameter of 3000 ps/nm with both negative and positive signs. Additionally, we consider distances typical of current PON deployments of 5 km, 10 km, and 20 km. The PON fiber is assumed to be a standard singlemode fiber (SSMF) with D = 17 ps/nm.km. It is seen that FBG bandwidths of a few hundreds of picometers yield pulses of a few nanoseconds. As it is expected from Eq. (3), the slope of the function depends on the overall dispersion, and it increases with the distance to the encoder d i in the case that D m has the same sign that D, while it decreases if they have opposite sign.
B. Encoders Design
It is necessary to establish a design criterion to assign the spectral bandwidth B i to each encoder such that they can be univocally identified from the measured pulse width, even under the most pessimistic detection conditions. Let us assume that the detection system is capable of discerning pulse widths with a resolution δT . Let us also define the minimum possible accumulated dispersion in the system, D min =min{|D i |}. By considering this, we can establish that the minimum difference between two FBGs spectral bandwidths must be δ B = δT / D min . Thus, the encoders' bandwidth can be assigned according to the following rule
where B 1 is the minimum bandwidth, and it is determined by the minimum measurable pulse width. On one hand, a high dispersion parameter increases the system's resolution, and therefore the ability to discern between two close spectral bandwidths, as it leads to broader detected pulses. At the same time, it will increase the interference probability, which arises when two or more pulses from different encoders are temporally overlapped in the acquired signal. In the case that codes are partially overlapped in time, a maximum likelihood sequence estimation algorithm can be used to identify the different codes within the acquired waveform. However, a high number of interferences can yield a prohibitive decoding time [13] .
Consequently, the selection of the dispersion value should result from a trade-off between a desired sensitivity and an interference probability limit. For example, 64 codes can be generated between B 1 = 200 pm and B 64 = 3.35 nm with steps of δ B = 50 pm. In such a case, if the temporal resolution is δT = 250 ps, it would be needed a minimum dispersion of D min = 5000 ps/nm to ensure that all the different bandwidths can be temporally resolved. With these previously assumed parameters, the maximum received pulse width corresponds to FBG 64 and it is found to be T 64 = 16.75 ns. In such a case, the customers can be located at distances as close as 1.67 m without having interference, i.e. temporal overlap.
From a manufacturing perspective, the spectral bandwidth of a uniform FBG can be adjusted during the writing process by properly choosing the effective index variation or the grating length. For instance, ultra-short FBGs can reach bandwidths of up to several nanometers [16] .
III. PROOF-OF-CONCEPT EXPERIMENTS
We deployed a test-bed PON based on the schematic of Fig. 1 . Although here we used the C-band for the proof-ofconcept experiments, the setup can be equally extended to the monitoring U-band. The experimental setup of the MM is show in Fig. 4 . As short pulse generator we used a modelocked laser emitting at 1550 nm with a repetition period higher than the maximum round-trip time in the PON. A dispersion compensation module (DCM), consisting of a singlemode fiber with accumulated dispersion at the monitoring band D m = −1659 ps/nm is used as the highly dispersive medium. The resulting pulse is amplified, band-pass filtered and transmitted to the PON. The return signal is detected using a 5 GHz-bandwidth photodiode and digitized using a real-time oscilloscope with a bandwidth of 4 GHz and a sampling rate of 20 Gsps.
The input probe pulse was first characterized by measuring its amplitude and phase, as depicted in Fig. 5(a) . The pulse width at the DCM input is measured to be 0.81 ps, and thus the dispersive medium largely accomplishes the temporal Fraunhofer condition [14] . Figure 5 (b) shows the measured linearly chirped pulse at the DCM output in both the time and wavelength domains. The pulse presents a Gaussian profile in which the spectrum is mapped into a temporally inverted waveform, due to the negative sign of the dispersion parameter. The measured temporal and spectral FWHM are 2.2 ns and 1.33 nm, respectively.
In order to demonstrate the feasibility of the method, we used two FBG encoders, FBG 1 and FBG 2 . Their transfer functions were first individually measured using an optical spectrum analyzer which are shown in Fig. 6(a) , where it is seen that both encoders share the same wavelength channel, while presenting different bandwidths (FWHM) of B 1 = 0.24 nm and B 2 = 0.29 nm, yielding a bandwidth step of δ B = 50 pm. The individually detected pulses reflected from the encoders in the time-domain is shown in Fig. 6(b) . It is clearly appreciated how the encoders generate reflected pulses with different temporal width, and hence each single FBG generates a unique temporal signature. In this case, the pulses FWHM are measured to be T 1 = 0.38 ns and T 2 = 0.46 ns. Figure 6 (c) shows an example of the acquired waveform when encoders FBG 1 and FBG 2 are located after a power splitter at a distance of 3.3 km from the MM, i.e. a round-trip time of approximately 330 μs. In the MM, a simple algorithm identifies the reflections within the acquired waveform and measures their FWHM. The algorithm is straightforward to implement and requires extremely low computational cost. In this example, the distance difference between the encoders' locations is only 48 cm, and both users can be individually identified through the measured reflections.
Finally, we analyzed the dependence of the detected pulse width with the distance to the encoder. Specifically, as shown in Fig. 7 , we measured the temporal FWHM of the reflected pulses from encoders FBG 1 and FBG 2 when considering distances to the encoders d i up to 10 km. It is clear how the different encoders generate a unique signature (i.e. a unique pulse width) for each user for the entire distance range. The linear fit of the measured data has a negative slope since the PON fiber has opposite sign to that of the DCM. The slopes of the fitting functions are found to be −9.12 ps/km and −8.02 ps/km for encoders FBG 1 and FBG 2 , respectively. As expected from Eq. (3), higher encoder's bandwidth lead to a higher slope. In the recognition algorithm, decision thresholds are set in the middle point between the function T i (z i ) of adjacent users. For instance, in the example of Fig. 7 , the decision threshold to discern between FBG 1 and FBG 2 is set in the middle point of the two fitting functions. Broader pulses can be achieved by using a higher dispersive element in the MM, such as chirped gratings [15] , which in turn allows for the use of slower electronics.
Since the probe pulse spectrum is wider than the encoders' reflection bandwidth, part of its energy may reach the ONT. However, the repetition rate of the MM pulse (in the order of the kilohertz) is much lower than that of the data signals. Additionally, in realistic implementations the MM is not constantly interrogating the same network. Thus, the impact on the quality of service should not be significant. Moreover, this issue can be solved by placing a filter at the input of the ONT in order to reject the residual monitoring energy.
IV. CONCLUSION AND FUTURE WORK
We have proposed a novel coding-based PON monitoring system. In this method, each encoder consists of a single FBG having a unique bandwidth, which makes it the simplest and more compact encoder structure proposed up to date. The FBGs are interrogated using an OTDR-like device that emits probe pulses in the far-field temporal Fraunhofer regime. Thus, the spectral bandwidth of the FBG encoders, which serve as a signature for each user, can be derived from the measured pulse width due to the wavelength-to-time mapping property. We presented the mathematical background and experimentally demonstrated the system feasibility, showing that users located as close as a few centimeters can be individually identified.
Future work includes extending the proposed method to a multi-wavelength approach, in which several wavelength channels are used. This would enormously increase the network capacity and reduce the interference probability.
